Abstract. The paper discusses the proposed improvement of a High-Frequency Relic Gravitational Wave (HFRGW) detector designed by Li, Baker, Fang, Stephenson and Chen in order to greatly improve its sensitivity. The detector utilizes the Gertsenshtein effect, which introduces the conversion of gravitational waves to electromagnetic (EM) waves in the presence of a static magnetic field. Such a conversion, in conjunction with the use of sensitive microwave, single photon detectors such as a circuit QED and/or the Rydberg Atom Cavity Detector, or off-the-shelf detectors, could lead to ultra-high sensitivity HFRGW detection especially when the EM-detection photons are focused at the microwave detectors by fractal-membrane reflectors. Noise sources external to the HFRGW detector will be eliminated by placing a tight mosaic of superconducting tiles (e.g., YBCO) and/or fractal membranes on the interior surface of the detector's cryogenic containment vessel in order to provide a perfect Faraday cage. Internal thermal noise will be eliminated by means of a microwave absorbing (or reflecting) interior enclosure shaped to conform to a high-intensity continuous microwave Gaussian beam (GB), will reduce any background photon flux (BPF) noise radiated normal to the GB's axis. Such BPF will be further attenuated by a series of microwave absorbing baffles forming tunnels to the sensitive microwave detectors on each side of the GB and at right angles to the static magnetic field. A HFGW detector of bandwidth of 1 KHz to 10 KHz or less in the GHz band has been selected. It is concluded that the utilization of the new ultra-high-sensitivity microwave detectors, together with the increased microwave power and magnet intensity will allow for a detection of high-frequency gravitational waves (HFGWs) exhibiting amplitudes, A, of the time-varying spacetime strains on the order of 10 -30 to 10 -34
INTRODUCTION
The paper by Li, Baker, Fang, Stephenson, and Chen (2007) shows that it may be marginally possible to detect High-Frequency Relic Gravitational Waves (HFRGWs) in the 5 to 10 GHz band exhibiting amplitudes A of the dimensionless spacetime strains (change in length divided by length) of about 10 -28 to 10 -31
. Their assumptions as to the parameters of the detector are conservative. The 10 W microwave generator (or transmitter) can probably be increased in intensity to as much as 10,000 W or even 100,000 W and the 3T magnet intensity could, in principal, be increased to 9T or even 15T. The HFRGW detector utilizes the Gertsenshtein effect (1962) , which introduces the conversion of gravitational waves to electromagnetic (EM) waves in the presence of a static magnetic field. Such a conversion, in conjunction with the use of sensitive microwave, single photon detectors such as a circuit QED or cQED developed by Schoelkopf and Girvin at Yale (Schuster, et al., 2006) and/or fractal Rydberg Atom Cavity Detector (Yamamoto, 2001) , or off-the-shelf detectors, could lead to ultra-high sensitivity HFRGW detection. This is especially true when the EM-detection photons (created or "born" in the interaction or reaction zone and termed the perturbative photon flux or PPF) are focused on the microwave detectors by fractal-membrane reflectors (in the y-z plane of Fig. 1 ) tuned to the 5 to 10 GHz frequency band of the HFRGWs. The interaction or reaction zone is about 30 cm long (or possibly longer), 6 cm wide roughly cylindrically shaped, but "necked in" at the xyz-origin in conformance to the shape of the Gaussian Beam or GB waist sketched in Fig. 1 . This is the zone where the magnetic field (y-directed) crosses the GB (z-directed) along with the z-directed HFGWs. It is the sychro-resonance zone where detection photons are created or born according to the inverse-Gertsenshtein (1962) effect (the GB microwave photons and the HFGWs have the same frequency, waveform and speed for synchro resonance). The idea is that the Noise sources external to the HFRGW detector will be eliminated by placing a tight mosaic of superconducting tiles (e.g., YBCO) and/or fractal membranes on the interior surface of the detector's cryogenic containment vessel, shown in Fig. 1 , in order to provide a perfect Faraday cage. As discussed by Lee and Wan (2006) , suitable geometric structures are required to eliminate background photon flux (BPF) noise. Internal thermal noise (that is, thermal photons, which might reach the microwave detectors) will be eliminated by maintaining the containment vessel at a temperature below 48 mK. A non-microwave-reflecting interior enclosure, shaped to conform to a highintensity continuous microwave Gaussian beam (GB), will reduce any BPF noise radiated normal to the GB's axis. Such BPF will be further attenuated by a series of non-microwave-reflecting baffles forming tunnels to the sensitive microwave detectors on each side of the GB and at right angles to the static magnetic field. There are issues concerning bandwidth that will be discussed. A HFGW detector of bandwidth of 1 KHz to 10 KHz in the GHz band may be a reasonable choice.
More importantly, very recent new-technology achievements in late 2006 concerning high-sensitivity microwave detectors, could allow for ultra-high sensitive HFRGW detection. One such device, used for radio Astronomy, is a passive microwave antenna array coupled to a HEMT amplifier (high electron mobility transistor amplifier). It is also important to utilize off-the-shelf detection options such as the aforementioned HEMT before moving on to the aforementioned esoteric quantum computing devices. Use of "off-the-shelf" equipment (magnets, cryogenic systems, microwave transmitters and receivers) can be utilized in the detector (and still insure ultra-high sensitivity) in order to increase reliability and simplify fabrication even if the fabricators may not have a tradition of precision assembly.
There are other potentially more sensitive detection means that could be utilized. As already mentioned, the most sensitive microwave detector possible is the cQED Yale detector invented by Schoelkopf and Girvin (Schuster, et al., 2006) . This Yale University detector can measure one individual microwave photon, which is the theoretical ultimate limit of sensitivity. In practice it is better to have 30 photons in a row to build up resonant energy, but it is sensitive to just one photon. Also this new microwave detector or receiver it will operate in the frequency range we are interested in: 4.9 to 10 GHz. A challenge, however, is the cryogenic-engineering problem of cooling the apparatus to 10 mK to 20 mK for the Yale detector; but Li and Baker have recognized the need for low temperatures of less than 48 mK to reduce background thermal photon noise and empower the superconducting magnet in all of their designs (Li, Baker, Fang, Stephenson, and Chen (2007) , Li, Baker, and Fang (2007) ; Baker, Woods, and Li (2006) , etc.).
The Yale microwave receiver or detector is a QED (Quantum Electro-Dynamics) circuit. It uses a resonant pair of Cooper Pair Box (CPB) embedded in a co-planar waveguide (CPW). The two sides of the CPB are separated by a pair of Josephson Junctions, and in the middle of those is the inner target cavity. The measurement is made by a photon entering the center inner cavity that is very small (2mm x 2mm). There is the concern of how to focus and align the detector components to concentrate the microwave detection photos (perturbative photon flux or PPF) such a small active cross section. Baker has suggested the utilization of back-to-back parabolic-shaped fractal membrane reflectors (Wen, et al., 2002) at the detector's active zone (where synchro-resonant PPF are generated by the HFGWs in a strong static magnetic field -the inverse Gertsenshtein [1962] effect) to focus the microwave detection photons on the microwave detector(s). The detector is fed with a reference microwave signal, which is transmitted through it, and the transmitted spectrum will have a characteristically shaped loss curve, which looks different for coherent signals (the single photon bouncing back and forth) than it does for thermal noise.
Another microwave-detector possibility is the Rydberg Atom Cavity Detector (Yamamoto, 2001) , which uses a cavity filled with so called "Rydberg Atoms" (Hydrogen atoms with excited-state electrons). A cavity of Rydberg atoms could be placed in a strong magnetic field bath and excited by a TEM-mode GB of microwaves, effectively tuning the entire cavity into a Gravitational Wave (GW) conversion medium, and then coupling this to the cQED microwave photon detector. The sensitivity of this detection mechanism to GWs has yet to be calculated and is beyond the scope of this paper. However, such extreme engineering measures may not be necessary. Lee and Wan (2006) report that "… a reasonable signal-to-noise ratio may be achieved …" for HFRGW detector temperatures less than 600 mK and GB power equal to or greater than 10 5 W using purely off-the-shelf detection components. Furthermore, they did not utilize microwave absorbing components in their detector's structure or fractal membranes to concentrate the detection photons at the microwave receiver, both of which would further improve signal to noise ratios.
ANALYSIS
The nominal average microwave power of the GB assumed in the Chinese detectors (Li, Baker, Fang, Stephenson, and Chen, 2007; Li, Baker, and Fang, 2007 ; in the Baker, Woods, and Li, 2006 piezoelectric HFGW generatordetector) is only 10 W. In this 10 W case, ψ 0 º 1.26x10 3 Vm -1 or the GB having a spot radius at its waist W o = 0.061 m (the length of the 4.9 GHz HFGW utilized in Baker, Woods, and Li), where ψ 0 = the average amplitude of electric (or magnetic) field of the Gaussian beam (Vm -1 ) and proportional to the square root of the GB power. (For example, if the GB power were raised from 10 W to 100,000 W, then ψ 0 º 1.26x10 5 Vm -1 .) The number of microwave detection photons (Perturbative Photon Flux or PPF) is roughly proportional to this electrical field. So that the perturbative (detection) photon number propagating along the x-axis of Fig. 1 (notice that the propagating direction of the PPF is perpendicular to both the symmetrical z-axis of the GB and the y-direction of the static magnetic field) will be approximately (Li and Yang, (2004) ; ) given by: where n
x is the detection photons per second per square meter. Thus the total number of detection photons passing through the effective receiving surface (the surface area, δs, is approximately the area of the GB's cross-section at GB's waist) having a radius of one GW wavelength of 6.1 cm for the Baker, Woods, and Li (2006) 
The GB can be either a ultra-high-intensity pulse or a high-intensity continuous beam. , as many as 490 detection photons are produced; about 16 times more than the 30 required for microwave-photon detection using the most sensitive Yale microwave detector. This assumes, however, that the microwave detection photons (PPF) reach the small, active microwave detection area. The size of the active detection area is anticipated to drive the alignment requirements of the HFRGW detector components.
BANDWIDTH
There are issues of bandwidth, because different cosmological models give different signal bandwidths (e.g., from much less than 1 GHz to 10 GHz). The HFRGWs energy collected by the detector will be limited in the small frequency region, and then the root-mean-square (rms) value of the HFRGW amplitude will be reduced. The bandwidth detector with wider bandwidth will also encounter increased noise. Thus, a reasonable bandwidth assumption used here will be 1 KHz to 10 KHz. In this case the corresponding rms value of amplitude of the HFRGWs would be A~10 -30 to 10 -33 in the GHz band. Moreover, generating a GB exhibiting a bandwidth of 1 kHz to 10 kHz is well within the capability of current technology. As already noted, a GB of wider bandwidth will contain more noise so even a narrower bandwidth could be considered. By the way, HFGWs are defined by Hawking and Israel as having frequencies of 100 kHz to 100 MHz. Very high-frequency gravitational waves (VHFGWs) have frequencies of 100 MHz to 100 GHz and, presumably, ultra high-frequency gravitational waves (UHFGWs) have frequencies above 100 GHz (theoretically generated by lasers as discussed by . The generic term HFGWs describes all three of these bands. (Hawking and Israel, 1979) .
NOISE
With regard to noise, the external noise can be effectively eliminated through use of a tight mosaic of superconductive chips or tiles (they need not be directly connected or continuous just contiguous and set very closely adjacent -closer than a very small fraction of the GHz wavelength of interest). These tiles would be attached to the inside surface of the detector's cryogenic containment vessel and would represent an almost perfect Faraday Cage. Additionally, several layers of fractal membrane reflectors, tuned to the HFRGW frequencies in the bandwidth of interest, could also be attached to this surface. Since it is possible that a superconductor could reflect GWs (Baker, Davis, and Woods, 2005) a section of the containment vessel at the negative end of the z-axis should be kept clear of superconductor tiles to allow the HFGWs to enter. Fractal membrane reflectors, tuned to the detection frequency, could be utilized there to keep external microwave photons out. The internal noise sources (thermal, GB, etc.) will be reduced to negligible magnitudes relative to the detection or perturbative photon flux by the design of the HFRGW detector's GB enclosure and baffles. The GB is simply a focused microwave beam as shown in Fig. 2 , where the waist of the GB is the focal point of that beam and the beam flares out on either side of the focal point as shown in Figs. 2 and 3 . Note that the cross-section of the Gaussian beam exhibits an intensity shown in Fig. 4 , that follows the Gaussian formula: where r is the radial distance out from the central z axis. The microwave photons move in the z direction and there is little BPF radiating in any x-y plane. If one makes an enclosure of superconductor tiles around the GB, then the microwave background flux from the GB will be excluded outside of the enclosure. The concept is to conform the superconductor enclosure to the shape of the GB's most intense flux symmetrically along the z-axis say at the ± 13.5% points shown in Fig. 4 . Two openings will be constructed in the enclosure near the GB waist, along the interaction or reaction zone, in order for the detection photons to escape each way along the x-axis and move off toward the two detectors as shown in Fig. 1 . These two openings on each side of the GB enclosure would optimally be long ellipses, not circles, because the reactive area between the poles of the 61 mm gap static magnetic field along the z-axis of the GB might be, for example, 30 cm in length and only a couple of wavelengths in width, roughly 6.1 cm. Fig. 5 is a depiction of the GB enclosure. A possible problem will be that the GB enclosure will change the boundary condition of the GB. Because the GB propagates in the free space, i.e., its wave form satisfies the free boundary condition, one often calls this wave form as standard wave form of the GB. If this boundary condition is changed, then it would influence the wave form of the GB as well as the perturbative effects. Nevertheless, it should not greatly affect the sensitivity of the HFGW detector and will be studied in more detail in future.
FIGURE 5. Schematic of GB Enclosure and the Interaction Zone or Region
The presence of a medium (i.e., masses) will influence the coherence quality and dramatically attenuate the GB's EM field's interaction with the space-time HFGW, i.e., the Gertsenshtein effect (Logi and Mickelson, 1977; Zel'dovich,1974) since a mass will slow the EM photons below the light-speed of the HFGWs. However, such a situation should not generate any serious problems for our HFGW detector, because the coherent-resonant interaction of the masses and EM fields in the detector is a local effect, i.e., it affects only on inside region (or effective interaction zone or region) of the detector, and it is independent at the propagation process of the HFGWs outside region of the detectors (outside the containment vessel of Fig. 1) . In other words, we must insure that the inside region (or effective interaction or reaction zone) of the detector will have a good vacuum (e.g., 7.5x10 -7 Torr) so that the mean-free path of a GB photon (before colliding with an atom in the interaction zone) is greater than the length of the interaction zone. The photon mean free path, l, for hydrogen gas molecules at a pressure of 10 -7 Torr Because of very high reflectivity of superconducting GB enclosure walls to the perturbative EM fields inside the enclosure, and the space accumulation effect of multi-reflections by the enclosure walls, the enclosure will exhibit a somewhat higher EM intensity.
FIGURE 6. Schematic of Fractal Membrane Reflectors Focusing the Detection Photons on the Microwave Detectors
There will be some diffraction through the two side openings of the enclosure near the waist of the GB and perhaps some scattering of the background photons (background photon flux or BPF) from the GB out to the detectors. However, the high vacuum of 7.5x10 -7 Torr in the detector's containment vessel will remove all or almost all of the suspended particulate and molecular matter. Thus scattering and the adverse effect of intervening mass is essentially eliminated as long as the GB photon mean free path in the interaction or reaction zone does not exceed the zone's length. Diffracted photons from the GB will be minimal since the direction of the microwave photons in the GB is primarily parallel to the z-axis. We can compute the BPF at the detectors by assuming that a fraction F of the GB's photon flux at any point along the reactive zone on the z axis moves out in the radial direction in the x-y plane. F has a value close to zero and its actual value will be studied in future. In our example the openings will exhibit an elliptical shape, whose major axis is 30 cm and whose minor axis is 6 cm. The diffracted BPF will spread out from this opening on to a hemisphere of the area 2πR 2 where R is the distance from the GB opening out to both of the two detectors on each end of the x-axis. If the fraction of this area where the BPF reach the detectors is the detector's area is designated S, then the BPF at the detector will be: 
For the detection photons, that is for the perturbative photon flux or PPF, the situation is different, since they move out along the x-axis (in both directions) and are focused by fractal membrane reflectors in the interactive or reactive zone. The fractal membranes are long elliptical shaped segmented reflectors -like a Fresnel lenses, but composed of small fractal-membrane reflectors or mini mirrors -contoured into paraboloid-shaped reflectors facing both directions out along the x-axis. They are directed to the HFGW detector's microwave detection area or zone as (IASA), Texas, September 17-20, 2007 shown in Fig. 6 and are a few mm to mm distant from the y-z plane. If the detection area, S, is very small, for example, micrometers (such as the Yale detector), then the chance of a detection photon having a diffraction pattern on the order of centimeters reaching that tinny area may be rather small. Of course, for the BPF noise that chance is much smaller considering the foregoing analysis of the BPF diffraction pattern. In any event, the signal-to-noise ratio is large due to the use of the superconductor (e.g., a mosaic of YBCO tiles) baffles and the fact that the GB photons and the detection photons move in perpendicular directions (z and x directions, respectively). Since background photons and signal photons are orthogonal in this detector design, rather than being background limited, this detector will be photon noise limited. For these reasons the use of a very powerful microwave transmitter to generate the GB is indicated and the observation interval of 10 3 s could also be reduced. The YBCO tunnel (one on each side of the GB along the x-axis) is shown in Fig. 7 and can involve an anti-reflecting coating of a quarter wavelength thickness, about 3/4 th of a cm for a 10 GHz system, on top of the superconducting tiles, a few cm in dimension, or standard microwave absorbing materials (e.g., ARC Technologies, 2004). These superconductors need not be continuous. but simply contiguous, that is, they can be a tight mosaic of individual superconductor tiles such as YBCO (having dimensions of only a centimeter or two). Thus they would be inexpensive, easy to fabricate and operable in the low temperature of the cryogenic detection containment vessel.
DETECTION SENSITIVITY
Given the goal of the detection of HFRGWs with the predicted typical parameters (Li, Baker, Fang, Stephenson, and Chen, 2007) . There is about a factor of two difference in the frequency of the proposed HFGW generation and detection experiment (Baker, Woods, and Li) of 4.9 GHz and the relic (HFRGW) detection experiment (Li, Baker, Fang, Stephenson, and Chen) of 5 to 10 GHz so, assuming a ◊Hz decrease in detector sensitivity, about 346 detection photons will be produced by the relic HFGWs, an order of magnitude more detection photons than are needed for detection according to the analyses of Schuster et al., 2006 . It is also possible to increase the static magnetic field from 3T to 9T over the 61 mm gap, and to increase the length of the magnetic-field reaction zone from 30 cm to 6 m, but this may be cost prohibitive and exceed the photon's mean free path. An easier advance over the Li, Baker, Fang, Stephenson, and Chen detector is the placement of detectors on either end of the x-axis since detection photons produced by relic HFGWs go both ways -actually in all directions, and use that redundancy to improve the reliability of the device (for example, please see, Giovannini, 1999) . Taken together the sensitivity of this Li, Baker, Fang, Stephenson, and Chen detector could be theoretically raised by a factor of 10 2 to 10 5 . Thus the detection sensitivity for HFGW amplitudes, either relic HFRGW or from a laboratory HFGW generator, could be in the range of A ~ 10 -32 to 10 -34
. Such ultra-high sensitivities would not only allow for a robust detector of relic HFGWs; but also could allow for the detection of laboratory generated HFGWs, especially since the artificially generated HFGWs have a definite propagating direction, frequency, phase, waveform, polarization and bandwidth. The relic GWs and usual monochromatic GWs have some important differences. Even if they have the same frequency and amplitude, their minimal detectable amplitudes are often different for the same detector. For a monochromatic GW Discussion-Focus Paper 1.2, 2 nd HFGW International Workshop (Draft 8-15-07) 9 Institute for Advanced Studies at Austin (IASA), Texas, September 17-20, 2007 from a definite celestial point source (such as the very speculative primordial, close-by mini black holes described by Miller [2002] ) or a laboratory HFGW generator, the propagating direction of the gravitons in the area of detector are the same or almost same (i.e., plane wave or quasi-plane wave). If the propagating direction of such GWs are parallel to the symmetrical axis z of the GB, then all or almost all gravitons in a cylinder will pass through the spot surface of the GB provided the cylinder has the same size of the spot radius of GB, and its symmetrical axis coincides with to the z-axis. In this case, the HFGW and our EM GB will have an excellent resonance (when e g ω ω = , in a vacuum with EM and HFGW speeds equal to light speed and waveforms overlapping) interaction section or zone. On the other hand, the relic gravitons have every different propagating direction (i.e., isotropy of the propagating direction of the HFRGWs), so that only small fraction of the relic gravitons can pass through the reaction zone depending upon the throat vertex angle (q of Fig. 3 ) of the GB and the resulting PPF reaching the detectors depends upon YBOC tunnel geometry. A preliminary estimation shows that the minimal detectable amplitude of the HFRGW may be two orders of magnitude larger than the point-source generated HFGWs. For example, if our detector has a sensitivity of 10 -32
-10 -34 for the point-source constant amplitude plane HFGWs, then its sensitivity to the HFRGWs with the same frequency will be only ~10 -30 -10 -32
.
CONCLUSIONS
A design for an ultra-high sensitivity high-frequency gravitational wave detector has been exhibited that depends upon the inverse Gertsenshtein effect. It relies on new-technology, high-sensitivity microwave detectors, a very powerful microwave Gaussian beam and an extremely strong magnetic field. Greatly reduced noise is achieved by keeping the entire apparatus at in a cryogenic containment vessel at a low temperature and introducing microwave absorbing structures internal to the apparatus to eliminate internal sources of background-microwave-photon noise. Fractal-membrane reflectors, tuned to the frequency band of interest, focus the detection photons, moving out normal to the axis of the Gaussian beam and the axis of an intense static magnetic field, on to two microwave detectors. The HFRGW detector is expected to be sensitive to relic gravitational waves exhibiting amplitudes, A, of the time-varying spacetime strains on the order of 10 -30 to 10 
